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1. General methods and materials
All the reagents and solvents were commercially available and used as received 

unless otherwise specified purification. Lysophosphatidic acids (sodium salt) (LPAs) 
were purchased from Avanti. Poly A ribonucleic acid (RNA), calf thymus 
deoxyribonucleic acid (ctDNA), adenosine triphosphate (ATP), adenosine 
diphosphate (ADP), cyclic adenosine monophosphate (cAMP), adenosine 
monophosphate (AMP), uridine monophosphate (UMP) and guanosine 
monophosphate (GMP) were purchased from Sigma. Bovine serum albumin (BSA) 
and phosphoenolpyruvate (PEP) were purchased from J&K Chemical. Fluorescein 
(Fl), glutamic acid (Glu) and aspartic acid (Asp) were purchased from Tokyo 
Chemical Industry. Nicotinamide adenine dinucleotide (NAD) and glucose were 
purchased from Aladdin. Al(III) phthalocyanine chloride tetrasulfonic acid (AlPcS4) 
was purchased from Frontier Scientific. 5,11,17,23-Tetraguanidinium-25,26,27,28-
tetrabutoxycalix[4]arene (GC4A) was synthesized according to the previous 
literature.1

The HEPES buffer solution of pH 7.4 was prepared by dissolving 2.38 g of 2-[4-
(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) in approximate 900 mL 
double-distilled water. Titrate to pH 7.4 at the lab temperature of 25 °C with NaOH 
and make up volume to 1000 mL with double-distilled water. The pH value of the 
buffer solution was then verified on a pH-meter calibrated with three standard buffer 
solutions. All fluorescence and UV-Vis titrations were measured in HEPES buffer (10 
mM, pH 7.4) at 25 C. 

The mouse serum was purchased from Manuik. The set-up calibration line of the 
fluorescence intensity for quantitatively determining the LPA concentrations was 
carried out in tenfold diluted mouse serum solutions with HEPES buffer (10 mM, pH 
7.4) containing 5.0 µM AlPcS4 and 10.0 µM GC5A. 

For tumour model, all animal studies were performed in compliance with the 
guidelines set by Tianjin Committee of Use and Care of Laboratory Animals and the 
overall project protocols were approved by the Animal Ethics Committee of Nankai 
University. Female C57BL/6J healthy and tumour mice (6 weeks old) were purchased 
from Anti-hela Biological TechnologyTrade Co.Ltd (Xiamen, China). Female 
C57BL/6J tumour mice were implanted subcutaneously with ID8 cells.

All mean values from fluorescence and UV-Vis titrations, limit of detection and 
calibration lines were measured from at least three experiments and errors were given 
as standard deviation (±1σ). 

1H, 13C and 1H-detected multiple-bond correlation (HMBC) NMR data were 
recorded on a Bruker AV400 spectrometer. High resolution mass spectra (HRMS) 
were performed on a VG ZAB-HS (ESI). UV-Vis spectra were recorded in a quartz 
cell (light path 10 mm) on a Cary 100 UV-Vis spectrophotometer equipped with a 
Cary dual cell peltier accessory. Steady-state fluorescence spectra were recorded in a 
conventional quartz cell (light path 10 mm) on a Cary Eclipse equipped with a Cary 
single-cell peltier accessory. The sample solutions for dynamic light scattering (DLS) 
measurements were examined on a laser light scattering spectrometer (NanoBrook 
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173plus) equipped with a digital correlator at 659 nm at a scattering angle of 90.

2. Synthesis of GC5A and GC5A-CH3

Scheme S1. Synthetic routes of GC5A and GC5A-CH3.

5,11,17,23,29-Penta-tert-butyl-31,32,33,34,35-penta(4-

methylpentyloxy)calix[5]arene (1a) was synthesized and purified according to 

procedures reported previously.2

Synthesis of 5,11,17,23,29-pentanitro-31,32,33,34,35-penta(4-methylpentloxy) 
calix[5]arene (2a):
To a solution of 1a (3.96 g, 2.4 mmol) in dry CH2Cl2 (119 mL) and AcOH (34.28 
mL), HNO3 (10.28 mL) was added gradually and the mixture was stirred for about 
14 h at room temperature. The color of the mixture changed from dark purple to 
orange. Then water (250 mL) was added into the reaction mixture, followed by 
stirring for 30 min. The mixture was washed with saturated Na2CO3, brine and water. 
After drying with Na2SO4, the solvent was removed in vacuo. The residues were 
recrystallized from CH2Cl2/CH3OH to obtain pale yellow solid 2a (1.74 g, 46%). 1H 
NMR (400 MHz, CDCl3, ): 7.83 (s, 10H, ArH), 4.59 (d, J  14.78 Hz, 5H, Ar-CH2-
Ar), 3.84 (t, J  7.60 Hz, 10H, CH2-O-Ar), 3.56 (d, J  14.81 Hz, 5H, Ar-CH2-Ar), 
1.84 (m, 10H, -CH2-CH2-CH-), 1.60 (m, 5H, -CH-), 1.26 (m, 10H, -CH2-CH2-CH-), 
0.95 (d, J = 6.59 Hz, 30H, -(CH3)2).
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2a
Figure S1. 1H NMR spectrum of 2a in CDCl3, 400 MHz, 25 C.

Synthesis of 5,11,17,23,29-pentaamino-31,32,33,34,35-penta(4-methylpentloxy) 
calix[5]arene (3a):
To a solution of 2a (0.28 g, 0.24 mmol) in dry C2H5OH/AcOEt (50 mL/50 mL), 
SnCl22H2O (1.5 g, 6.7 mmol) was added and the mixture was refluxed for 48 h. Then 
the mixture was pour into ice water. After all the ice melt, NaOH was added to the 
mixture to adjust the pH to 8.0. Dichloromethane was added and the mixture was 
stirred overnight at room temperature. The solution was washed by water for three 
times. After drying with Na2SO4, the solvent was removed in vacuo to obtain white 
solid 3a (0.13 g, 52%). 1H NMR (400 MHz, CDCl3, ): 6.17 (s, 10H, ArH), 4.40 (d, J 
 14.42 Hz, 5H, Ar-CH2-Ar), 3.60 (t, J  7.28 Hz, 10H, CH2-O-Ar), 3.11 (d, J  14.25 
Hz, 5H, Ar-CH2-Ar), 1.74 (q, J  7.57 Hz, 10H, -CH2-CH2-CH-), 1.56 (m, 5H, -CH-), 
1.27 (m, 10H, -CH2-CH2-CH-), 0.91 (d, J  6.56 Hz, 30H, -(CH3)2).
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3a
Figure S2. 1H NMR spectrum of 3a in CDCl3, 400 MHz, 25 C.

Synthesis of 5,11,17,23,29-penta[(bis-N-Boc)guanidine]-31,32,33,34,35-penta (4-
methylpentloxy)calix[5]arene (4a):
To a solution of 3a (0.20 g, 0.22 mmol) in dry CH2Cl2 (25 mL), N,N’-bis-tert-
butoxycarbonylthiourea (0.33 g, 1.12 mmol), AgNO3 (0.20 g, 1.19 mmol) and Et3N 
(0.17 mL) were added and the mixture was stirred for 48 h at room temperature. The 
solvent was removed in vacuo and the residue was purified by column 
chromatography on silica gel to obtain a pale white powder 4a (0.17 g, 32%). 1H 
NMR (400 MHz, CDCl3, ): 11.63 (s, 5H, NH), 9.87 (s, 5H, NH), 7.14 (s, 10H, ArH), 
4.54 (d, J  13.58 Hz, 5H, Ar-CH2-Ar), 3.75 (t, J  7.76 Hz, 10H, CH2-O-Ar), 3.30 (d, 
J  13.81 Hz, 5H, Ar-CH2-Ar), 1.91 (m, 10H, -CH2-CH2-CH-), 1.60 (m, 5H, -CH-), 
1.46 (d, 90H, J  13.81 Hz , But), 1.15 (m, 10H, -CH2-CH2-CH-), 0.95 (d, J  6.58 Hz, 
30H, -(CH3)2).



S5

4a
Figure S3. 1H NMR spectrum of 4a in CDCl3, 400 MHz, 25 C.

Synthesis of 5,11,17,23,29-pentaguanidinium-31,32,33,34,35-penta (4-
methylpentloxy)calix[5]arene (GC5A):
SnCl4 (0.2 mL) was added to a solution of 4a (0.08 g, 0.03 mmol) in 20 mL of AcOEt. 
The mixture was stirred for 3 h at room temperature and the solvent was removed in 
vacuo. The residue was dissolved in CH3OH, then large amounts of diethyl ether was 
added to obtain white powder GC5A (0.03 g, 65%). 1H NMR (400 MHz, DMSO, ): 
9.62 (s, 5H, NH), 7.35 (s, 20H, NH), 6.95 (s, 10H, ArH), 4.46 (d, J  13.61 Hz, 5H, 
Ar-CH2-Ar), 3.80 (t, J  7.74 Hz, 10H, CH2-O-Ar), 3.46 (d, J  13.58 Hz, 5H; Ar-
CH2-Ar), 1.91 (p, J  7.54 Hz, 10H, -CH2-CH2-CH-), 1.61 (m, 5H, -CH-), 1.32 (m, 
10H, -CH2-CH2-CH-), 0.94 (d, J  6.61 Hz, 30H, -(CH3)2). 13C NMR (100 MHz, 
DMSO, ): 155.82, 153.41, 134.62, 129.67, 125.57, 74.22, 64.54, 34.64, 27.65, 22.56, 
15.19. ESI-FTMS m/z: [M  H  5HCl]+ calcd. for C70H106N15O5

+ 1236.8496, found 
1236.8472.
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(a)

(b)
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(c)
Figure S4. (a) 1H NMR spectrum of GC5A in DMSO, 400 MHz, 25 C; (b) 13C 
NMR spectrum of GC5A in DMSO, 100 MHz, 25 C; (c) electrospray ionization 
fourier transform ion cyclotron resonance-MS of GC5A.

5,11,17,23,29-Penta-tert-butyl-31,32,33,34,35-pentamethoxycalix[5]arene (1b) 
were synthesized and purified according to procedures reported previously.3 
Synthesis of 5,11,17,23,29-pentanitro-31,32,33,34,35-pentamethoxycalix[5]arene 
(2b): 
To a solution of 1b (0.2 g, 0.2 mmol) in dry CH2Cl2 (20 mL) and AcOH (2.86 mL), 
HNO3 (0.9 mL) was added gradually and the mixture was stirred for about 14 h at 
room temperature. The color of the mixture changed from dark purple to orange. Then 
water (18 mL) was added into the reaction mixture and continuously stirred for 30 
min. The mixture was washed with saturated Na2CO3, brine and water. After drying 
with Na2SO4, the solvent was removed in vacuo. The residues were recrystallized 
from CH2Cl2/CH3OH to obtain pale yellow solid 2b (0.09 g, 48%). 1H NMR (400 
MHz, CDCl3, ): 7.96 (s, 10H, ArH), 3.94 (s, 10H, Ar-CH2-Ar), 3.38 (s, 15H, -O-
CH3).
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2b
Figure S5. 1H NMR spectrum of 2b in CDCl3, 400 MHz, 25 C.

Synthesis of 5,11,17,23,29-pentaamino-31,32,33,34,35-pentamethoxycalix[5]arene 
(3b):
To a solution of 2b (0.1 g, 0.24 mmol) in dry C2H5OH/AcOEt (13 mL/13 mL), 
SnCl22H2O (1.5 g, 6.7 mmol) was added and the mixture was refluxed for 48 h. Then 
the mixture was pour into ice water. After all the ice melt, NaOH was added to the 
mixture to adjust the pH to 8.0. Dichloromethane was added and the mixture was 
stirred overnight at room temperature. The solution was washed by water for three 
times. After drying with Na2SO4, the solvent was removed in vacuo to obtain white 
solid 3b (0.05 g, 56%). 1H NMR (400 MHz, CDCl3, ): 6.30 (s, 10H, ArH), 3.71 (s, 
10H, Ar-CH2-Ar), 3.20 (s, 15H, -O-CH3).
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3b
Figure S6. 1H NMR spectrum of 3b in CDCl3, 400 MHz, 25 C.

Synthesis of 5,11,17,23,29-penta[(bis-N-Boc)guanidine]-31,32,33,34,35- 
pentamethoxycalix[5]arene (4b):
To a solution of 3b (0.10 g, 0.15 mmol) in dry CH2Cl2 (25 mL), N,N’-bis-tert-
butoxycarbonylthiourea (0.21 g, 0.74 mmol), AgNO3 (0.13 g, 0.74 mmol) and Et3N 
(0.2 mL) were added and the mixture was stirred for 48 h at room temperature. The 
solvent was removed in vacuo and the residue was purified by column 
chromatography on silica gel to obtain a pale white powder 4b (0.09 g, 34%). 1H 
NMR (400 MHz, CDCl3, ): 11.62 (s, 5H, NH), 10.00 (s, 5H, NH), 7.20 (s, 10H, 
ArH), 3.81 (s, 10H, Ar-CH2-Ar), 3.26 (s, 15H, -O-CH3), 1.49 (s, 90H, But).
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4b

Figure S7. 1H NMR spectrum of 4b in CDCl3, 400 MHz, 25 C.

Synthesis of 5,11,17,23,29-pentaguanidinium-31,32,33,34,35-pentamethoxycalix 
[5]arene (GC5A-CH3):
SnCl4 (0.2 mL) was added to a solution of 4b (0.07 g, 0.03 mmol) in 20 mL of AcOEt. 
The mixture was stirred for 3 h at room temperature and the solvent was removed in 
vacuo. The residue was dissolved in CH3OH, then large amounts of diethyl ether was 
added to obtain white powder GC5A-CH3 (0.03 g, 78%). 1H NMR (400 MHz, 
DMSO, ): 9.77 (s, 5H, NH), 7.33 (s, 20H, NH), 6.94 (s, 10H, ArH), 3.85 (s, 10H, Ar-
CH2-Ar), 3.32 (s, 15H, -O-CH3). 13C NMR (100 MHz, DMSO, ): 156.30, 155.01, 
135.46, 130.28, 125.93, 61.05, 30.12. ESI-FTMS m/z: [M + H – 5HCl] + calcd. for 
C45H55N15O5

+ 886.4575, found 886.4570.
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(a)

(b)
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(c)
Figure S8. (a) 1H NMR spectrum of GC5A-CH3 in DMSO, 400 MHz, 25 C; (b) 13C 
NMR spectrum of GC5A-CH3 in DMSO, 100 MHz, 25 C; (c) Electrospray 
ionization fourier transform ion cyclotron resonance-MS of GC5A-CH3.

3. Supporting results and experimental raw data 

3.1 Structures of LPAs, two control hosts and AlPcS4.

Scheme S2. Structures of 18:0 LPA and 6:0 LPA. 6:0 LPA was employed as a model 
guest to investigate the binding geometry by NMR measurements. All fluorescence 
titration measurements were performed by using 18:0 LPA (abbreviated as LPA in the 
main text for simplicity) as the typical analyte.
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Scheme S4. Structure of AlPcS4.

3.2 The critical aggregation concentration (CAC) of GC5A determined by 

DLS

Figure S9. Dependence of light scattering intensity on the GC5A concentration in 
water at 25C.

3.3 Job’s plot analysis for the complexation of Fl with GC5A

Figure S10. Job’s plot for solutions of Fl and GC5A. λex  500 nm, λem  513 nm, [Fl] 
 [GC5A]  2.0 M. 
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3.4 UV-Vis titration of Fl with GC5A

a b

Figure S11. (a) Direct UV-Vis titration of Fl (1.0 M) with GC5A (up to 2.9 M). (b) 
The associated titration curve at   490 nm was fitted according to a 1:1 binding 
stoichiometry.

3.5 Competitive fluorescence titration of phosphate and 6:0 LPA with 

GC5A

a b

Figure S12. (a) Competitive fluorescence titration of GC5A•Fl (0.4/0.5 M) with 
phosphate (up to 201 M), ex = 500 nm. (b) The associated titration curve at em = 
513 nm and fit according to a 1:1 competitive binding model.
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Figure S13. (a) Competitive fluorescence titration of GC5A•Fl (0.4/0.5 M) with 6:0 
LPA (up to 59.7 M), ex = 500 nm. (b) The associated titration curve at em = 513 
nm and fit according to a 1:1 competitive binding model.

3.6 Fluorescence, UV-Vis and DLS measurements of Fl with GC4A

a b
Figure S14. (a) Direct fluorescence titration of Fl (1.0 M) with GC4A (up to 23.7 
M), ex = 500 nm. (b) The associated titration curve at em = 513 nm and fit 
according to a 1:1 binding stoichiometry.

a b
Figure S15. a Direct UV-Vis titration of Fl (3.0 M) with GC4A (up to 27.0 M). 
b The associated titration curve at   490 nm and fit according to a 1:1 binding 
stoichiometry.

a b
Figure S16. a Competitive fluorescence titration of GC4A•Fl (2.0/0.2 M) with 
LPA (up to 13.4 M), ex = 500 nm. b The associated titration curve at em = 513 
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nm and the enlarged figure at low range inset. The complex curve cannot be fit to 
any simple 1:1, 1:2, or 2:1 binding isotherm.

Figure S17. Scattering intensity of GC4A•Fl (2.0/0.2 M) with different 
concentrations of LPA and the enlarged figure at low range inset.

3.7 Fluorescence measurement of Fl with GC5A-CH3

a b
Figure S18. a Direct fluorescence titration of Fl (0.2 M) with GC5A-CH3 (up to 
63.7 M), ex = 500 nm. b The associated titration curve at em = 513 nm and fit 
according to a 1:1 binding stoichiometry. GC5A-CH3 is flexible because the lower-
rim methyl groups cannot restrict overturn of benzene ring units.
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3.8 HMBC spectrum of 6:0 LPA 

Figure S19. HMBC spectrum of 6:0 LPA showing correlations between 1H and 13C 
resonances, which was performed to assign the H3 peaks in 1H NMR spectrum. Peaks 
at 4.00 ppm to 4.14 ppm from 1H spectrum have correlations with peaks at 177.17 
ppm from 13C spectrum, which indicates they represent H3 protons. 

3.9 1H NMR spectra of GC4A and 6:0 LPA

Figure S20. 1H NMR spectra of (a) 6:0 LPA (1 mM), (b) 6:0 LPA (1 mM) with 
addition of GC4A (1 mM), and (c) GC4A (1 mM) in D2O at 25 C.
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3.10 The limit of detection (LOD) for LPA in HEPES buffer 

Figure S21. (a) Plot of I/I0 against LPA concentration. I and I0 are the fluorescence 
intensities of the GC5AFl (0.4/0.5 M) reporter pair in the presence and absence of 
LPA (00.26 M), ex = 500 nm, em = 513 nm, respectively. Error bars could not be 
shown if less than 0.005.

3.11 Fluorescence measurements of AlPcS4 with GC5A and GC4A

a

b
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c

Figure S22. a Direct fluorescence titration of AlPcS4 (2.0 M) with GC5A (up to 
2.20 M), ex = 608 nm. b Direct fluorescence titration of AlPcS4 (1.0 M) with 
GC4A (up to 1.73 M), ex = 608 nm. (c) The associated titration curves at em = 680 
nm, where strong binding accompanied with drastic fluorescence quenching of 
AlPcS4 by GC4A and GC5A was observed. 

3.12 Fluorescence responses of various biologically coexisting species 

with GC5A and GC4A

Figure S23. Fluorescence spectra of 0.5 μM Fl upon addition of various biologically 
coexisting species, λex = 500 nm. All analytes exert no appreciable influence over the 
emission of Fl in the concentration range of the following titration experiments. 

(a) (b) 

Figure S24. (a) Competitive fluorescence titration of GC5A•Fl (0.4/0.5 M) with 
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ATP (up to 1.3 M), ex = 500 nm. (b) The associated titration curve at em = 513 nm 
and fit according to a 1:1 competitive binding model.

Figure S25. Fluorescence response of GC5A•AlPcS4 (0.8/1.0 M) at 680 nm (ex = 
608 nm) upon the addition of LPA and various biologically coexisting species (0.4 
M for small species and 0.15 mg/L for ctDNA, RNA and BSA) in HEPES buffer (10 
mM, pH = 7.4) at 25 C.

3.13 Analyzing cancerous and non-cancerous blood samples of mice 

by the GC5A•AlPcS4 reporter pair
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Figure S26. Fluorescence response of GC5A•AlPcS4 (5.0/5.0 M) at 680 nm (ex = 
608 nm) in tenfold diluted serum samples with water from healthy mice and mice 
with ovarian cancer at 25 C. Significance was measured with Student’s t test. *p < 
0.05. Error bars represent the standard derivations of three independent studies.

4. Theoretical Calculations 
All density functional theory (DFT) calculations were carried out using the 

Gaussion 09 program.4 SMD solvation model5 was used in all calculations. The 
geometry optimization was carried out using B3LYP/6-31G(d)6 level of theory with 
Grimme's D3 dispersion correction,7 which adopted the Becke−Johnson (BJ) damping 
function.8 Default convergence criteria were used for the optimization with Gaussian 
09. Atoms-in-molecules (AIM) and reduced density gradients (RDG) analysis were 
derived by using the Multiwfn software.9 Molecular graphs were visualized by the 
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VMD program.10

The DFT-optimized structure of GC5A•6:0 LPA (Figure S27) displays one 
O−H···N (H···N distance 1.97 Å) and five N−H···O (average H···O distance 1.79 Å) 
intermolecular hydrogen bonds between guanidinium groups of GC5A and the 
phosphate head of 6:0 LPA.

Figure S27. Optimized structure of the GC5A•6:0 LPA complex at the B3LYP-
D3(BJ)/6-31G(d)/SMD(water) level of theory. Hydrogen atoms bonded to carbon are 
omitted for clarity. Evident hydrogen bonds are shown by red (O−H···N) and blue 
(N−H···O) dashed lines.

AIM analysis11 was utilized for more detailed inspection of nature of the 
supramolecular interactions using the generated wave functions. In AIM analysis, the 
hydrogen bond interactions must satisfy the criterion12 for the electron density at the 
bond critical points (BCP) in the range of 0.002−0.035 a.u., with the corresponding 
Laplacian (∇2ρ) values being 0.024−0.139 a.u.. Intermolecular BCPs that satisfy the 
hydrogen bond criterion, associated with the corresponding bond paths in complex 
GC5A•6:0 LPA are shown in Figure S28. Table S1 shows properties at the BCPs: 
values of electron density (ρ), the Laplacian of electron density (∇2ρ), the kinetic 
electron energy density (G), the potential electron energy density (V) and the total 
electron energy density (H). Furthermore, the energy of X−H···O (X=C, N, O) 
hydrogen bonds were estimated from the Espinosa correlation13 (EHB = 0.5V, where 
V is the potential electron energy density at BCP) (Table S1). 
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Figure S28. AIM topological analysis of weak interactions in the GC5A•6:0 LPA 
complex. The BCPs are shown as points.

The evident hydrogen bonds shown in Figure S27 were further validated by the 
AIM analysis results with bond energies between 29 and 53 kJmol−1 (Table S1). In 
addition, AIM analysis showed more interactions that satisfy the hydrogen bond 
criterion, which include C−H···π and C−H···O interactions (Figure S28 and Table 
S1). The delocalized π cloud of aromatic rings of GC5A and hydrogens at alkyl chain 
of 6:0 LPA bring about C−H···π interactions with the corresponding ρbcp values 
falling in the interval of 0.008−0.012 a.u. (Table S1). The values of ρbcp and its 
Laplacian indices are typical for weak hydrogen bonds, being larger in value than van 
der Waals (vdW) interactions. The C−H···O interactions between oxygen atoms at the 
lower rim of GC5A and hydrogens at the alkyl chain of 6:0 LPA (Figure S28) have 
hydrogen bond energy falling in the interval of 5−22 kJmol−1 (Table S1).
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Table S1. AIM parameters for the nonbonding interactions in the GC5A•6:0 LPA 
complex. All quantities are expressed in a.u. except for EHB. See text for definition of 
each of the quantities.

BCP  2 G V H EHB/kJmol1

1 0.047 0.137 0.037 -0.040 -0.003 52.707
2 0.043 0.128 0.034 -0.037 -0.002 48.343
3 0.042 0.125 0.034 -0.036 -0.002 47.435
4 0.040 0.119 0.032 -0.034 -0.002 44.578
5 0.026 0.092 0.023 -0.023 0.000 29.724
6 0.009 0.037 0.008 -0.007 0.001 9.730
7 0.006 0.026 0.005 -0.004 0.001 5.266
8 0.029 0.080 0.021 -0.022 -0.001 n.d.a

9 0.012 0.040 0.008 -0.007 0.001 n.d.a

10 0.012 0.042 0.009 -0.007 0.002 n.d.a

11 0.011 0.038 0.008 -0.006 0.002 n.d.a

12 0.009 0.034 0.007 -0.005 0.002 n.d.a

13 0.008 0.028 0.006 -0.004 0.001 n.d.a

14 0.020 0.065 0.016 -0.016 -0.000 21.532
15 0.014 0.045 0.011 -0.011 0.000 14.168
16 0.014 0.047 0.011 -0.010 0.001 13.688
17 0.010 0.038 0.008 -0.007 0.001 9.560
18 0.009 0.036 0.008 -0.006 0.001 8.146
19 0.007 0.028 0.006 -0.005 0.001 6.262
20 0.007 0.026 0.005 -0.004 0.001 5.558
21 0.006 0.025 0.005 -0.004 0.001 5.508

aThese hydrogen bonds are not X−H···O (X=C, N, O) hydrogen bonds.
Weaker interactions such as vdW interaction cannot be analyzed by BCP within 

the AIM theory. Therefore, noncovalent interactions (NCI)14 based on the relationship 
between the electron density ρ and the RDG were characterized to examine these 
interactions.

To probe the existence of weak interactions, 2D scatter graph was obtained by 
plotting the RDG versus electron density multiplied by the sign of the second Hessian 
eigenvalue (sign(λ2)ρ) (Figure S29a). Attractive interactions are characterized by 
spikes at negative region of sign(λ2)ρ, which is an indicator of interaction strength. 
The strong hydrogen bonds appear at the higher density values (sign (λ2)ρ  0.01 
a.u.). Van der Waal interactions present at near zero sign(λ2)ρ values region. 
Moreover, the 2D scatter graph was transformed into 3D graph by color mapping 
sign(λ2)ρ to RDG isosurfaces to visualize noncovalent interactions (Figures S29b and 
S29c). 

The RDG analysis results (Figure S29) also confirm the presence of hydrogen 
bond, C−H···π and C−H···O interactions in the AIM analysis. In addition, the RDG 
analysis sheds light on the existence of vdW interaction (green isosurfaces in the red 
circle in Figure S29c) between the alkyl chain of 6:0 LPA and alkyl chains of GC5A, 
which cannot be displayed by AIM analysis.
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Figure S29. (a) Plots of the reduced density gradient versus the electron density 
multiplied by the sign of the second Hessian eigenvalue of the GC5A•6:0 LPA 
complex. Color-filled RDG isosurfaces (b and c) of the GC5A•6:0 LPA complex. 
Isovalue of RDG is set to 0.5.
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Figure S30. Optimized structure of the GC5A•18:0 LPA complex at the B3LYP-
D3(BJ)/6-31G(d)/SMD(water) level of theory.
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